One of the most pressing and interesting actual scientific challenges deals with the analysis and the understanding of complex network dynamics. In particular, a major trend is the definition of new frameworks for the analysis, the exploration and the detection of the dynamics at play in real dynamic networks. In this paper, we focus in particular on scientific communities by targeting the social part of science through a descriptive approach that aims at identifying the social determinants behind the emergence and the resilience of scientific communities. We consider that scientific communities are at the same time through coauthorship communities of practice and that they exist also as representations in the scientists mind, since references to other scientists' works are not merely an objective link to a relevant work, but they reveal also social objects that one manipulates and refers to. In fact, our analysis focuses on the coexistence of co-authorships and citation dynamics and how their interplay affects the shape, the strength and the stability of the scientific systems. Such an analysis-performed through the time-varying graphs (TVG) formalism and derived metrics-concerns the evolution of a scientific network extracted from a portion of the arXiv repository covering a period of 10 years of publications in physics. We detect an example of how the selection process of citations may affect the shape of the co-authorships network from a sparser and disconnected structure to a dense and homogeneous one.
Introduction
Social networks in general-and scientific networks in particular-are dynamic systems composed of several interconnected (and interdependent) entities. Nodes (the scientists) join, participate, attract, compete, cooperate, disappear, and affect the shape and strength of the network (the scientific system) and its constitutive relationships. Despite the common agreement about the complex as well as dynamic nature of these networks, yet qualitatively not much is known concerning their dynamical patterns. Several questions arise when approaching the modeling and the analysis of such complex systems: is it possible to generalize and characterize their global emerging properties in terms of the local behaviors (e.g., local interactions) among its constitutive components ? and, in turn, what are the consequent effects caused by these global phenomena upon the local levels of the interaction space? and, to put it more explicitly, what and which are the driving forces behind the evolution of these networks and their articulations within the system dynamics?
In this paper we approach the definition of new methodologies for the visualization and the exploration of the dynamics in real dynamic social networks. As an example, we chose the case of scientific communities by analyzing a portion of the ArXiv repository (ten years of publications in physics). The analysis accounts for the coexistence of co-authorship and citation behaviors of scientists and on how they are affected by the selection process of citations.
The evolution of the scientific fields is one of the big issues in science. On one hand, it deals with the understanding of the factors that play a significant role in such an evolution, not all of them being either objective or rational e.g., the existence of a star system (Wagner 2005; Barabasi et al. 2002) , the blind imitation concerning the citations (MacRoberts 1996) , the reputation and community affiliation bias (Gilber 1977) . On the other hand, having some elements to understand such a dynamics could enable a better detection of the hot topics and of the vivid subfields. Among the available data to analyze such a system, a subset of the publications in a given field is the most frequently used such as in De Solla Pric (1965), , and Radicchi et al. (2009) . The scientific papers correspond to the production of such a system and clearly identify who are the producers (the authors), which institution they belong to (the affiliation), which funded project they are working on (the acknowledgment) and what are the related publications (the references). Having most of the time a public access to such data explains also a part of its frequent use in the analyses of the scientific field. Classical analyses on these data concern either the co-authorship network (Barabasi et al. 2002; or the citation network (Hummon 1989; Redne 2005) , more rarely the institutional network (Powell et al. 2005) . Moreover, these networks are often considered as static and their structure is rarely analyzed overtime (exceptions are the works performed by Radicchi et al. (2009 ), Pham et al. (2011 ), Mazloumian et al. (2011 . In the current paper, we introduce two main innovations compared to classical analysis. The first one consists in analyzing the scientists' representations of the collaboration structure within the scientific field. Such a representation is captured through the network of cited collaborations, i.e., from a publication we have several references to other papers, each one corresponds to a promotion of the scientists authoring the work. The second innovation deals with the use and analysis of dynamic networks. All the papers are not published at the same time, there is an order that plays a significant role in the structuring and in the advancing of the scientific field. Hence, we decided to take into account such an order while analyzing the cited collaborations. One of the problem when trying to characterize such a structure is that classical indicators from either graph theory or social network analysis cannot be applied directly. Therefore, we used an algebra, the time-varying graphs (TVG) ) that enables to take into account the dynamic aspects of networks and allows for the definition of temporal indicators Amblard et al. 2011) to characterize patterns in evolving structures. In the current paper, after presenting the state of the art concerning the analysis of scientific networks and their results, we detail the TVG framework as well as the indicators adapted to the dynamical case. Hereafter, we introduce the hep-arXiv dataset and the related transformation used to derive the cited collaborations network. In the final part, we present the results of the performed analysis by comparing the evolution of the cited collaborations graph with the evolution of its random analogs. We conclude our paper with a critical discussion on this method and the next envisioned steps of our work.
Context
In this paper we tackle the problem of characterizing evolution of the interaction patterns among scientists (in terms of citations and collaboration patterns), by outlining how they may reflect the social factors beyond the scientific production. In the work of Newman (2001) the network of scientific collaborations, explored upon several databases, shows a clustered and small world structure. Moreover, several differences in the collaboration patterns in the different fields studied are captured. These differences have been then deepened in the work of with respect to the number of papers produced by a given group of authors, the number of collaborations and the topological distances between scientists. Peltomaki and Alava (2006) propose a new (emulative) model for the growth of scientific networks by incorporating the bipartition and the sub-linear preferential attachment. Another model aimed at simulating the self-assembly of creative teams based on three parameters (e.g., team size, the rate of newcomers in the scientific production, and the tendency to collaborate with the same group) has been introduced in the work of Guimera et al. (2005) . The connectivity patterns in a citation network have been studied in relation to the development of the DNA theory (Hummon 1989 ). Klemm and Eguiluz (2002) observed that real network (e.g., movie actors, co-authorship in science, and word synonyms) growing patterns are characterized by a clustering trend that reaches an asymptotic value larger than regular lattices of the same average connectivity. In this work we combine both the social processes: co-authorships and citations on a temporal perspective. In particular, we show how the authors behave both with respect to co-authorship strategies (the properties of the nodes which they work with) and citations (the selected productions that are considered to be relevant for the topic addressed by the paper).
In the field of social network analysis several works have approached the problem of temporal metrics (Holm 2005; Kostako 2009; Kossinets et al. 2008 ). Currently, the major effort strive to understand the intrinsic properties of the systems' evolution, that is, capturing and characterizing the dependencies between local behaviors (interactions) and their consequent emerging global effects (Davidsen et al. 2002; Matari 1992; Woolle 1994; Deffuant et al. 2001; Quattrociocchi et al. 2010 Quattrociocchi et al. , 2011 Brunetti et al. 2011; Shao 2009; Konig et al. 2009 ). The research approach to social network about their patterns, at the very beginning was mainly based upon simulations, while in the past few years, due to the large availability of real datasets, both the methodology of analysis and the object of research have changed (Gilbert et al. 2011; Taramasco et al. 2010; Leskovec et al. 2007; Kossinets et al. 2008; Castellano et al. 2007; Ang 2011; Leskovec et al. 2010; Barrat et al. 2008; Nakao 2010; Satorras 2010) .
Tools and methods
In this section we first present the empirical dataset and then we detail the mathematical framework (TVG) and the data transformations implemented to perform the analysis.
The empirical dataset
The scientific community analyzed in this work has been extracted from the hep-th (high energy physics theory) portion of the arXiv website, a famous on-line repository available at http://arxiv.org/. The dataset (available at http://snap.stanford.edu/data/cit-HepTh.html) is a wide diffused testbed for data mining challenges (Gehrke et al. 2003) , it consists of a collection of papers and therefore their related citations over the period from January 1992 to May 2003. The elapsed time from the last paper in the dataset and the publication of this work has allowed us to track crystallized pattern to support the a-posteriori analysis.
For each paper are provided the set of authors, the dates of the online publications on arXiv.org, and the references. There are 333,915 citations within the total amount of 29,555 papers written by 12,918 authors and 22,525 co-authorships. For the sake of simplicity we consider that the scientists (represented as nodes in the graph) and links between scientists are created as soon as there is a joint publication between the two authors. The date of the creation of such a link is then naturally the date of their first publication together from the dataset. A weight is associated to each link. This weight corresponds to the number of citations received by the two authors on any of their joint publications. Such a weight will only be used in our analysis when focusing on the most cited papers.
Time varying graphs
The temporal analysis on the dataset is based on timevarying graphs (TVG) formalism ), a mathematical framework designed to deal and to express the temporal dimension of interaction-based dynamic systems.
Consider a set of entities V (or nodes), a set of relations E between these entities (edges), and an alphabet L accounting for any property such a relation could have (label); i.e., E V Â V Â L: L can contain multi-valued elements.
The relations (interactions) among entities are assumed to take place over a time dimension T T the lifetime of the system which is generally a subset of N (discrete-time systems) or R (continuous-time systems). The dynamics of the system can subsequently be described by a TVG,
whether a given edge or node is available at a given time. 
Graph-centric evolution
From a global standpoint, the evolution of the system can be given by a sequence of (static) graphs S G ¼ G 1 ; G 2 :: where every G i corresponds to a static snapshot of G such that e 2 E G i () q ½t i ;t i þ1Þ ðeÞ ¼ 1; with two possible meanings for the t i s: either the sequence of t i s is a discretization of time (for example t i = i); or it corresponds to the set of particular dates when topological events occur in the graph, in which case this sequence is equal to sort ð[fS T T ðeÞ : e 2 EgÞ: In the later case, the sequence is called characteristic dates of G; and noted S T T ðGÞ:
Tracking parameter evolution
According to the TVG formalism a general method to observe the evolution of a network is based upon time windows. More precisely, let define the lifetime T T of the time-varying graph as partitioned in consecutive subintervals (or time windows) as follows:
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Then we can define the sequence of snapshots as
and the sequence of footprints as
where G ½t i ;t iþ1 Þ is the footprint of G ½t i ;t iþ1 Þ The temporal behavior of any classical network parameter p can then be studied as evolving over the sequence of graphs SS or SF.
Exploiting interactions
The dataset analyzed in the current paper presents two interactions: the papers' co-authorships and the citations within papers. The former could be influenced by authors' proximity (working within the same institution or in the same scientific field), by the nature of the problems addressed, and often by the complementarity within scientists skills. The latter, in turn, could be affected by the authors' background knowledge and by the scientific histories of the addressed topics (i.e., milestones, fundamental contributions, etc.).
The cited co-authorships network
We represent the dataset as a dynamic, undirected, and weighted graph. Nodes and links are added to the graph each time a new paper appears in the dataset or it is cited. The nodes are the authors and the links represent the action of coauthoring a paper. When a paper is referenced by another work the links weights of its authors are incremented.
More formally, the graph of the cited co-authorships is defined as G ¼ ðV; E; T T; q; fÞ on a discrete time. Here the elements v 2 V are the authors, the set of edges E V Â V Â L represents the collaborations e on a paper's production. The nodes appear on the graph the first time a paper they wrote has been published or cited on arXiv. The interaction e is weighted with a variable w i , namely the strength value of a collaboration, that is incremented of one for each citation received by a given couple of nodes (u, v) .
Results
From a global point of view, the evolution of the cited co-authorships is characterized by computing a collection of temporal indicators derived by the TVG formalism . These indicators are computed on the temporal subgraph sequence S n of the interaction network. Each element s i of the sequence is a TVG defined as G T T i ¼ ðVðT T i Þ; EðT T i ÞÞ with i being a time interval such that -EðT T i Þ : fe 2 Ejqðe; tÞ ¼ 18t 2 T T i g -VðT T i Þ : fv 2 Vj9y 2 V^ðx; yÞ 2 EðT T i Þg In Fig. 1 we show the number of authors, the number of citations and the number of co-authorships for each year. The cited co-authorship network indicators are compared to the values of a random network, namely G r , that is generated by randomly adding at each year the same number of authors (nodes), the same number of coauthorships (edges), and citations (weights).
The network evolution
The modularity, introduced in the work of Blondel et al. (2008) , measures how the structure of a given network is modular, i.e., how it can be decomposed into subparts. Moreover, it quantifies the quality of a division of a network into modules or communities. Networks with high values of modularity are characterized by dense internal connections between nodes within groups (modules) but only sparse connections between different groups. The modularity of a pair of nodes u and v on footprint
In Fig. 2 we show the evolution of the modularity of the cited co-authorship network G i compared to the values of the random network. The trend of G i is characterized by high and stable values (close to 1) until 1999. Hereafter a decrease of the number of modules occurs. Such a modularity's trend says that the structural evolution of the network tends to have dense internal connections between the authors within modules, but only sparse connections between different submodules until 1999-e.g., the communities tend to remain separated, only few nodes act as bridges between different groups of authors. After 1999 the number of modules decreases meaning that the connections within different modules produce a densification and homogenization of communities. There are few and larger communities. The trend of the random network has a constant decrease at each year that is more pronounced after 1999.
The clustering coefficient is used in social network analysis to characterize architectural aspects. Several studies (e.g., Holland 1998; Watt 1999) suggest that in general, nodes tend to create compact groups characterized by a relatively high density of ties. Roughly speaking, the clustering coefficient of a node indicates how close to a clique its neighborhood is.
In Fig. 3 the average clustering coefficient at each year for both the cited co-authorship network G i and the random graph G r are shown. While G r has a trivial trend, concerning G i we have a first phase (before 1999) where the increasing rate is low, and a second phase where it increases faster. Such a behavior of the clustering coefficient suggests that there is a trend among authors to remain clustered in tightly knit groups. Supported by the modularity trend, such a tendency's change between the 1999 and 2000 time interval, suggests that the interconnections among different nodes and groups increase causing a denser, less modular and more homogeneous network topology.
In order to better characterize the evolution of the topology in Fig. 4 we show charts about the evolution of additional network indicators about G i . The average path length, indicating the average distances among nodes, and the evolution of average degree, counting the average number of connections at each node. Each metrics is compared with G r .
The average degree trend (Fig. 4a ) is steady on low values until 1998, then a significant increase after 1999 occurs. Both curves (G i and G r ) exhibit the same behavior. This effect is due to the number of authors for each paper that is generally low, in particular in the physics community. On the contrary, as shown in Fig. 4b , the evolution of the average path length within cited co-authors is different from the random network. G i 's curve presents the same significant increase after 1999. Before that time the values are low, and considering both the modularity and the clustering coefficient trend, this means that at the beginning there are several separated groups, then (after 1999) these groups tend to mix causing the increase of the path length among any given couple of authors.
Emergence of community structure and citations
The analysis performed until now has shown that the cited co-authorship network presents a significant change in its shape after 1999. Such a phenomenon is denoted by a significant increase on both the network metrics and their increasing rate. The connections among different separated groups of authors increase causing a denser and homogeneous network topology. Therefore, would be interesting to detect the driving forces behind such an evolution. Is it an effect merely caused by the increasing rate of the incoming authors in 1999 or is it due to the citations rate? To put it more explicitly, would be possible to detect a citation-oriented collaboration strategy fostering the network topology? A possible citation-driven preferential attachment could affect both the selection of collaborators and emergence of a community joined by other authors. In order to provide an (at least partial) answer to these questions in Fig. 5 we show the number of citations received at each semester by the most cited paper of our dataset.
The citations rate exhibits a strong increase after two semesters (April 1999) .
The authors of this paper are Nobel laureates and the building blocks of the biggest community of our dataset. At the beginning they have few co-authors, after 1999 several (previously) disconnected islands of authors expand toward the Nobel co-authorship. To capture this phenomenon we isolated the nodes with the final highest degree, isolated their horizons-e.g., the set of nodes that can be reached through a finite journey by a given starting node-and then analyzed the evolution of the resulting subgraph. The island that will become the biggest community appears in 1998. Here, we want to characterize qualitatively the expansion of the biggest community.
One of the most important properties of social networks' structures is the so-called notion of power. In this context the concept of power is inherently relational, i.e., determined by the network topology. Hence, to shade light on the phenomena observed in 1999 the focus must be put on the relative positions of authors. We consider the betweenness of a node that measures the occurrences of that node within the shortest paths of other nodes (Freema 1979) . The authors of the most cited paper have the final highest normalized betweenness (0.81). In addition, one of the collaborators of our Nobel laureates is the most connected scientist (more than 50 collaborations).
Let us start the analysis of the largest community by introducing the average degree and the average path length of the sequence at a time interval of six months shown in Fig. 6 . The two trends show a similar behavior, both present a significant increase of their values and then tend to stabilize-e.g, the degree of nodes increases, meaning that the connections within nodes is growing, and as consequence, the average length of a path between two authors becomes larger (more reachable nodes).
The charts in Fig. 7 show the modularity and the clustering coefficient evolution. As before, the trend presents a significant increase in the second semester of the observation, and then tends to remain stable. In particular, the increasing values of the modularity state that there is an ongoing process of interconnections among previously separated components of the graph, as for the increasing trend of the clustering coefficient which says that the interconnections within these separated components increases.
In Table 1 we summarize the evolution of the biggest community by means of (a) basic indicators, e.g., the number of nodes, the number of edges, and the community's diameter) and (b) aggregated indicators, e.g., the cyclomatic number, the alpha, beta, and gamma index (Dil 2004). More precisely, the cyclomatic number counts the number of cycles on the graph, its magnitude characterizes the development of the nodes' accessibility. The alpha index is the ratio between the number of cycles in the graph and their possible maximum value. The range of the alpha index ranges between 0 and 1-i.e., from no cycle to a completely interconnected network. The beta index is a simple measure of connectivity. It correlates the total number of edges to the total number of nodes. The higher the value the greater the connectivity. The gamma index measures the ratio between the number of edges on the network and the maximum number of possible edges among nodes. The gamma index spreads within 0 and 100, respectively indicating the minimum and the maximum number of edges between nodes.
As we can see from the evolution of these parameters, the aggregation pattern among separated components and the increase of the accessibility of the nodes in the community are evident for each one of the metric proposed as the expansion of the community itself. The citation (selection) process affects and drives the co-authorship patterns. Furthermore, citing a work plays a fundamental role in determining the conditions that allow/trigger selforganization processes inside a scientific community. A citation represents a deliberative selection played by a group of individuals which act, compete and collaborate in order to advance science. Hence, a reference to a work -determines the success (emergence) of a topic and of the scientists working on it, and -influences the scientific trends and the collaborations strategies. In this paper we analyze the behavior of the cited co-authorships in a collection of papers extracted from the on-line repository of arXiv. We characterize the evolution of the network in terms of interactions (citations and co-authorships) within a given scientific community. The temporal dimension and the metrics used for the analysis were formalized using TVG, a mathematical framework designed to represent the interactions and their evolution in dynamically changing environments. The analyses, focusing on the cited co-authorships patterns, have been performed at different levels; at a global level with respect to the network evolution, at a meso-level with respect to the communities' aggregation patterns characterizing the accessibility trend of the biggest community in the network. We elicit, by mixing co-authorships and citations, that one of the driving forces behind the evolution of a social systems such as the one of the scientific communities is the success of a work. A high number of citations received by a work influences the co-authorship patterns: authors join the neighboring authors (Nobel laureates) of the most cited paper. Therefore, the selection process that produces the emergence of a paper within the others is performed by the community itself by citations.
In the next future we are going to outline the behavior of the most proficient scientists in terms of their aggregation patterns, and on how their works spread within the community. Such aspects will be addressed both with new analyses on different datasets and by means of multi-agent based simulations. The former stream will be devoted to the definition of new patterns, the latter will be used for the understanding of how changing some parameters of the network influences the evolution, and consequently the quality of the scientific production. Fig. 7 The evolution of the modularity and of the average clustering coefficient of the biggest community at a time interval of six months 
